We have developed a new class of probes for homogeneous nucleic acid detection based on the proposed displacement hybridization. Our probes consist of two complementary oligodeoxyribonucleotides of different length labeled with a fluorophore and a quencher in close proximity in the duplex. The probes on their own are quenched, but they become fluorescent upon displacement hybridization with the target. These probes display complete discrimination between a perfectly matched target and single nucleotide mismatch targets. A comparison of double-stranded probes with corresponding linear probes confirms that the presence of the complementary strand significantly enhances their specificity. Using four such probes labeled with different color fluorophores, each designed to recognize a different target, we have demonstrated that multiple targets can be distinguished in the same solution, even if they differ from one another by as little as a single nucleotide. Double-stranded probes were used in real-time nucleic acid amplifications as either probes or as primers. In addition to its extreme specificity and flexibility, the new class of probes is simple to design and synthesize, has low cost and high sensitivity and is accessible to a wide range of labels. This class of probes should find applications in a variety of areas wherever high specificity of nucleic acid hybridization is relevant.
INTRODUCTION
The measurement of nucleic acid hybridization under homogeneous, rather than heterogeneous, conditions provides a variety of advantages, such as convenience, real-time or in situ detection and accurate quantification for diverse applications (1) . Since the earliest attempts nearly two decades ago to develop a homogeneous hybridization assay system based on fluorescence resonance energy transfer, efforts to explore more practical and general homogeneous systems have continued (2) . This work reached fruition in recent years with the emergence of real-time PCR assays (3) . A number of probe systems have so far been developed and new designs are still being proposed (4) . Currently available probes include 5′-nuclease probes (5) , molecular beacons (6) and their derivatives (7) (8) (9) , adjacent probes (10) and fluorescent probes (11) . Although more or less satisfactory for most common uses, these probes are difficult to design, synthesize and purify and are, therefore, expensive.
Current probes, either linear or conformationally constrained, when recognizing their targets undergo a direct hybridization reaction that involves hybridization between two singlestranded nucleic acids. Although nucleic acid hybridization is one of the most specific recognition events in nature, measurable physical changes that occur upon hybridization are rather small. Moreover, with direct hybridization it is difficult to achieve mismatch discrimination. Consequently, special structural modifications, such as hairpins (6) , minor groovebinding groups (12) or peptide nucleic acids (11) , must be used, which increases the difficulty and expense of probe preparation.
To overcome the shortcomings inherent in the direct hybridization mode, we report a new class of probes based on a mode of reaction that we call 'displacement hybridization', which differs from direct hybridization in that it has an additional competitor in the probe-target reaction system. An ideal competitor fulfills the following requirements: it must not be so competitive as to hinder the formation of perfectly matched probe-target hybrids but it must be sufficiently competitive to block non-specific hybridization. We hypothesized that a suitable competitor would be a single-stranded oligonucleotide that possesses the same sequence as the target in the binding region but is shorter than the probe. In this way, the competitor will form a stable duplex with the probe in the absence of the target and can be displaced in the presence of the target. We name this hybridization with enhanced specificity between a doublestranded and single-stranded oligonucleotide 'displacement hybridization'. Regarding the duplex as a kind of probe, we labeled the original target-binding strand with a fluorophore at its 5′-end and labeled the competitor with a quencher at its 3′-end. We term this double-stranded molecule a 'Yin-Yang' probe, as the two strands complement each other and interact synergistically to enhance specificity.
MATERIALS AND METHODS

Reaction kinetics of displacement hybridization
An aliquot of 50 µl of double-stranded oligonucleotides (0.80 µM each strand), shown in each panel in Figure 1 , was held at 25°C in a thermostat and its fluorescence monitored over time in a spectrofluorometer (Cary Eclipse, Varian). After confirming that the fluorescence did not change, 2 µl of 40 µM target oligonucleotide was added and the level of fluorescence was recorded at 15 s intervals. Double-stranded oligonucleotides were prepared by mixing the two oligonucleotides to the desired concentrations in 10 mM Tris-HCl, pH 8.0, containing 1.5 mM MgCl 2 and heated at 94°C for 2 min, annealed at 50°C for 5 min and allowed to cool to room temperature. We named the strand complementary to the single-stranded oligonucleotide the 'positive' strand and the other strand the 'negative' strand. Custom oligodeoxyribonucleotides were synthesized and purified by Shanghai Shenyou Ltd.
Preparation of double-stranded probes
To prepare double-stranded probes, 5 nmol of positive and negative strand were separately dissolved in 50 µl of 10 mM Tris-HCl, pH 8.0, containing 1.5 mM MgCl 2 . The two solutions were then mixed together and diluted to the desired concentration with the same buffer. The solution was denatured in a thermal cycler at 94°C for 2 min, annealed at 50°C for 5 min and allowed to cool to room temperature. Other oligonucleotides were dissolved in the same buffer as above unless indicated.
Specificity of double-stranded probes
The reaction kinetics of the double-stranded probe with four targets were measured as above. The probe concentration was 0.80 µM positive strand and 1.0 µM negative strand (0.80/ 1.0 µM). The final concentration of each target was 1.6 µM. To obtain the thermal denaturation curves, the same probe solutions with and without target were placed in a fluorometric thermal cycler (IQ iCycler; Bio-Rad). Denaturation was carried out at 94°C for 1 min and annealing was carried out at 70°C for 2 min. This was repeated for 41 cycles with a 1°C decrease in the annealing temperature each cycle. Fluorescence was measured during the annealing stage.
For photographs under UV light illumination, 2 µl of a 2-fold molar excess of target was added to 50 µl of probe. The probes and targets were as used above, except that the final probe concentration was 4.0/5.0 µM and the final target concentration was 8.0 µM. About 10 min later, photographs were taken at room temperature.
Comparison of double-stranded probe to linear probes
Four hybridization mixtures were prepared: double-stranded probe with perfectly complementary target; double-stranded probe with mismatched target; linear probe with perfectly complementary target; linear probe with mismatched target. Each mixture consisted of 50 µl of 1.0/1.2 µM double-stranded probe or 1.0 µM linear probe and was held at 25°C in a thermostat. After confirming that there was no change in fluorescence, 2 µl of 50 µM target oligonucleotide was added and the level of fluorescence was recorded at 15 s intervals.
Simultaneous discrimination between targets with a mixture of four probes
Four double-stranded probes were first prepared and then mixed together; the concentrations of each positive and negative strand were 1.0 and 2.0 µM, respectively. Each cuvette, containing 100 µl of the probe mixture, was held at 25°C in a thermostat and four pairs of excitation and emission wavelengths (λ ex /λ em for FAM, 495/519 nm; λ ex /λ em for HEX, 530/ 553 nm; λ ex /λ em for TAMRA, 560/583 nm; λ ex /λ em for Texas Red, 596/617 nm) were monitored concurrently over time in the spectrofluorometer. After confirming that there was no change in fluorescence, 4 µl of 50 µM target oligonucleotide was added and the fluorescence levels at different wavelengths were recorded at 15 s intervals. The fluorescence intensity of each fluorophore were normalized so that 0 represents fluorescence in the absence of target and 1 represents the perfectly complementary targets in response to the addition of an excess of perfectly complementary target. 
Real-time PCR assays with double-stranded primers
To test the utility of double-stranded primers in real-time PCR, the same human β-globin gene segment was amplified. Each 50 µl reaction contained 10 µl of DNA template and 0.4/0.6 µM double-stranded primers and other components were as above. PCR was conducted in a fluorometric thermal cycler (IQ iCycler; Bio-Rad) under the same conditions as above.
Fluorescence was recorded at the annealing stage.
To compare the specificity of double-stranded primers with that of conventional primers, each 50 µl reaction contained SYBR Green I (Molecular Probes Inc.) at 20 000 times dilution. All other components and PCR conditions were as were used for testing double-stranded primers in real-time PCR. Fluorescence was recorded at the extension stage.
RESULTS
Reaction kinetics with double-stranded probes
We prepared a series of double-stranded oligonucleotides that share the same positive strand and possess negative strands of different length. Two single-stranded oligonucleotides were tested as the reaction target, one perfectly matched and another with a single nucleotide mismatch. Figure 1A shows the kinetic curves for the double-stranded oligonucleotides hybridized to each of the single-stranded oligonucleotides. When the positive and negative strands were of equal length, no reaction was observed. As their length difference increased, the rate of reaction became faster. When their length difference exceeded 7 nt, the reaction rate with the perfectly matched oligonucleotide changed little, indicating that the negative strand no longer exerted a significant effect on the reaction. However, the reaction rate with the mismatched oligonucleotide increased sharply at this point. Figure 1B shows the dependence of the reaction rate on the length difference of the two strands. Clearly, there is a marked reduction in the reaction rate with the mismatched oligonucleotide, suggesting a greater inhibitory effect of the negative strand on hybridization with the mismatched oligonucleotide. Figure 2 illustrates the design and working principles of the probe based on displacement hybridization. We labeled the 5′-end of the positive strand with a fluorophore and blocked its 3′-end with a phosphate group and the 3′-end of the negative strand was coupled to a quencher. When not bound to a target, the probe is non-fluorescent. After becoming bound to its target, the negative strand is displaced by the target and the fluorophore becomes fluorescent. New probes were made by titrating the positive strands with the negative strands to reach the lowest fluorescence. We noticed that, in most cases, the ratio of positive strand to negative strand was within 1.2 to 2.0. The heating procedures were used to prevent possible inter-or intramolecular secondary structure. When diluted to the desired concentration before use, no background fluorescence increase was observed, indicating that the double-stranded probes were very stable.
Design and preparation of double-stranded probes
Specificity of double-stranded probes
In order to show the specificity of the double-stranded probes, we prepared four targets that were identical except for one nucleotide at the same position. Figure 3A shows that hybridization of a double-stranded probe to the perfectly complementary target occurred between 10 and 20 times faster than hybridization to each of the three mismatched targets. To demonstrate this difference visually, similar reactions were carried out at a relatively high concentration (see Materials and Methods) and a photograph was taken by illuminating the reaction tubes with UV light to stimulate fluorescence. Figure 3B shows that fluorescence from the perfectly complementary probe-target hybridization can easily be discerned with the naked eye, while fluorescence from hybridization of the double-stranded probe to mismatched targets cannot be distinguished from the fluorescence seen in a tube without any target.
We then measured the fluorescence of these tubes as a function of temperature. The fluorescence-temperature curves (Fig. 3C ) indicated that at higher temperatures the doublestranded probes dissociated into single strands. When the temperature was decreased, the double-stranded probes renatured and only perfectly complementary targets took part in displacement hybridization. It is easy to see that the probe displayed complete discrimination between its perfectly matched target and the three single nucleotide mismatch targets in the temperature range 30-60°C. From these curves we can measure the melting temperature (T m ) of a probe and also predicate probe behavior if used in real-time nucleic acid amplification reactions.
It is clear that target signals can be obtained during real-time PCR if fluorescence measurements are taken at temperatures that are lower than the probe melting point.
Comparing double-stranded with single-stranded probe
To further investigate the specificity-enhancing ability of the double-stranded probes, we compared the reaction kinetics of a double-stranded probe with an otherwise identical singlestranded linear probe in discriminating a single nucleotide mismatch. In order to observe hybridization of both of these probes to the target, we utilized the labeling scheme shown in Figure 4A . The single-stranded probe was the same as the positive strand of the double-stranded probe and was labeled at its 5′-end with FAM. The target oligonucleotides were labeled with dabcyl at their 3′-ends, so that binding to either probe would result in fluorescence reduction. The reaction between the single-stranded probe and its targets was completed quickly, with little difference between the perfectly matched and the single mismatch targets. However, the reactions of the double-stranded probe varied significantly with the target ( Fig. 4B) . A 5-fold fluorescence increase was observed with the perfectly matched target compared with the single mismatch target.
Simultaneous discrimination between targets with a mixture of four probes
The labeling strategy in the double-stranded probe is similar to that in molecular beacons. Thus, as in molecular beacons, multicolor probes can be constructed. In order to demonstrate the ability of multiplex detection and allele discrimination, we carried out hybridization experiments with a mixture of four double-stranded probes and four oligonucleotide targets that differed from each other by only a single nucleotide. The double-stranded probes were complementary to these targets and were identical in all respects except that each was labeled with a different fluorophore and each possessed a different base pair in the probe sequence: FAM labeling of the doublestranded probe with a C-G pair; HEX labeling for an A-T pair, TAMRA labeling for a T-A pair; Texas Red labeling for a G-C pair. An equimolar mixture of these double-stranded probes was placed in four cuvettes. A different target was added to each cuvette and the fluorescence of each of the four doublestranded probes in each cuvette was monitored over time. Addition of a target resulted in a marked increase in the fluorescence of the double-stranded probe whose probe sequence was perfectly complementary to the targets, but did not result in any increase in the fluorescence of the other double-stranded probes that were present (Fig. 5) . The color of the fluorescence in each cuvette identified which nucleotide was present in the target. These results indicate that only perfectly complementary targets can form a hybrid with a double-stranded probe and a single nucleotide mismatch between the target and the probe prevent hybridization. It can also be concluded that the double-stranded probes are extremely stable in the duplex and coexistence of different probes does not elicit any interference between them. A small amount of hybridization was observed in each cuvette, however, when the mismatch was a G-T base pair, as this is the least destabilizing of all the mismatches, a phenomenon that has also been observed for molecular beacons (13) . When more than one target was added, the colors in the resulting fluorescence spectrum confirmed the identity of the target. Thus, multicolor double-stranded probes present in the same solution can distinguish alleles that differ form one another by as little as a single nucleotide.
Real-time PCR detection with double-stranded probes
At concentrations similar to those of primers in PCR and at annealing temperatures, double-stranded probes rapidly interact with their targets and also undergo self-annealing, thus they can be used in real-time amplification assays. We demonstrated this in detection of the human β-globin gene. To construct the double-stranded probe, we chose a negative strand of 20 nt with a T m close to that of the primers, and a positive strand of 24 nt in order to obtain a probe-target hybrid that melted ∼10°C higher. We call this probe the '24/20 probe'. We expected that at the annealing stage this probe would undergo self-annealing and become non-fluorescent in the absence of target. However, in the presence of the target, the positive strand of the probe would dissociate from the negative strand, bind to the target and become fluorescent. When the temperature was increased to allow extension of the primers (72°C) the two strands of the probe would dissociate from the target and would not interfere with chain extension. By measuring fluorescence intensity during the annealing stage of every cycle, PCR can be followed in a real-time format. Five reactions were preformed with serially diluted template. As expected, standard real-time detection curves were obtained (Fig. 6) . Eleven double-stranded probes of different length (22/22-22/17 and 20/20-20/16) were investigated and they all worked well in real-time PCR assays, even those in which both strands were the same length. These observations demonstrate the great flexibility in the design of double-stranded probes.
Real-time PCR detection with double-stranded primers
The distinct properties of double-stranded probes also prompted us to explore their use as specific primers for nucleic acid amplification. To turn double-stranded probes into double-stranded primers, modifications were introduced. First, their 3′-terminal phosphate groups were omitted so that they could serve as primers. Second, though not a must, the blunt ends of the probes were moved from the 5′-to 3′-end of the positive strands to let the extendable 3′-end assume a hybridized state. This caused a small separation between the fluorophore and the quencher; however, no significant background fluorescence increase was observed. In our experiments, double-stranded primers were used as both forward and reverse primer, though it could be only one of them. The results showed that all five pairs of primers (including primers 20/20-20/16) gave typical real-time PCR profiles, but slight background fluorescence increases appeared with primers 20/17 and 20/16, obviously due to their lower specificity. A typical real-time PCR profile is shown in Figure 7A .
The specificity-enhancing effect of the double-stranded primers was demonstrated by comparison with single-stranded primers. To make the two experimental conditions as close as possible, we used unlabeled double-stranded primers and in both cases a non-specific fluorogenic dye, SYBR Green I, was used for real-time amplification detection. Figure 7B shows that there was significant background amplification in the conventional PCR negative control, but no such background amplification when double-stranded primers were used.
DISCUSSION
The displacement hybridization reaction between a doublestranded oligonucleotide and a single-stranded oligonucleotide is spontaneous. A recent study (14) indicated that the overall displacement rate is a combination of two kintetic pathways: dissociative and sequential displacement. The contribution from the dissociative pathway is predominant at temperatures close to the melting point of the duplex, whereas the contribution from the sequential displacement pathway prevails at lower temperatures and when the concentration of the displacing target is high. Single-nucleotide heterogeneities encountered during displacement stop the process (15), resulting in a high degree of discrimination between perfectly complementary and single mismatch targets. As a result, superior allele discrimination is achieved than is possible by hybridization alone. Our labeling scheme will facilitate further studies on the mechanism of displacement hybridization.
One characteristic of the double-stranded probes is that after probe-target hybridization, the distance between the fluorophore and the quencher changes from close proximity to totally free separation. This property not only endows them with much higher sensitivity than other probes by using common fluorophores and quenchers, but also enables the use of special labels to further improve their performance. Gold nanoparticles have been shown to be extremely efficient fluorescence quenchers and have been applied in molecular beacons (16) . Quantum dots are a new type of extremely bright nanoparticle fluorophore (17) . Both of these nanoparticles could be used with double-stranded probes to improve detection sensitivity; however, they will encounter difficulties in dual labeled probes.
Although the double-stranded DNA probes demonstrated here are made up of two complementary oligodeoxyribonucleotides of different length, this need not always be the case. For RNA detection the two strands can be the same length, since RNA can form more stable duplexes than DNA. The two strands also need not be blunt at the labeling end. For labeling with fluorescence energy transfer dyes, such as long lifetime chelates (18) , the ends of the two strands can be several bases apart to permit optimal energy transfer. Another important characteristic of double-stranded probes is that the ratio of positive strands to negative strands can be altered. To ensure high specificity, the number of negative strands is usually somewhat greater than the number of positive strands. It has already been reported that conformationally constrained probes, like molecular beacons, possess higher specificity than corresponding linear probes (19) . Doublestranded probes can also be regarded as conformationally constrained probes, due to the existence of a stable doublestranded state. Since the specificity of a molecular beacon is determined by both the loop and stem sequence and length, whereas the specificity of a double-stranded probe is determined by the length difference between the two strands, it is difficult to conduct a reasonable comparison of specificity between them. However, two obvious differences can still be noticed from a comparison of the denaturation curves of double-stranded probes with those of molecular beacons. One is the sharper transition in the curves of double-stranded probes compared with those observed with a variety of molecular beacons (6, 13) . This indicates that the bimolecular duplex denatures faster than an intramolecular duplex, due to the greater entropy change of the former. An even sharper transition has been observed with gold nanoparticle-labeled oligonucleotide probes (20) . A sharper transition means lower background and higher sensitivity when detection is carried out at below the T m of the probe in real-time PCR. Another difference is the much wider window between the curves of the perfectly complementary and single mismatch targets with double-stranded probes than with molecular beacons. In fact, we have not observed any significant fluorescence increase in denaturation curves of mismatched targets with doublestranded probes designed for single-nucleotide discrimination, whereas it is common for molecular beacons designed for this purpose to fluoresce at low temperature (21) . As already noted, the window is wider with molecular beacons than with linear probes (13, 19) , which explains the fact that molecular beacons are superior to TaqMan probes in single mutation detection in real-time PCR (22) . However, since the windows with molecular beacons are still not wide enough to cover low temperatures, these probes failed to discriminate single mutations in isothermal amplification systems without further modification (23) . These observations suggest that double-stranded probes exhibit potentially greater specificity and sensitivity than molecular beacons and may extend their use in single mutation detection to both PCR and isothermal amplification systems.
When combined with nucleic acid amplification detection, an ideal probe should be, in addition to its high sensitivity and specificity, flexible enough to satisfy a variety of stringent requirements in practical use. The probe should be simple to design, easy to synthesize and robust in use. Single-dye modification makes the double-stranded probe much easier to synthesize and purify, and thus cheaper, than dual-labeled probes. The robustness of the double-stranded probes is reflected in the observation that 11 different double-stranded probes designed for the same PCR worked well under the same conditions. We concluded that in PCR, any double-stranded probe with a T m between the annealing temperature and 72°C can detect the amplicon efficiently. This is because the doublestranded probes have a sharp transition in the denaturation curve and detection conducted below the melting point can indicate the amplicon concentration without background interference. The color multiplexing ability represents another merit of double-stranded probes, which can find applications in simultaneous detection of clinically related genes, random mutations, infectious agents and single nucleotide polymorphisms. Melting curve analysis using adjacent probes has proved to be a good method for T m multiplexing (24) . However, T m multiplexing has technical challenges in addition to the optimizations often necessary for multiplexing primer sets and is restricted to current instrumentation and available fluorescent energy donor-acceptor pairs (25) . No more than four alleles have been simultaneously detected by T m multiplexing, whereas five or more mutation detection has been achieved by color multiplexing (9, 26) . Unlike T m multiplexing, color multiplexing can be finished in real-time without subsequent manipulations; if subsequent manipulation is carried out, multiplexing capacity can be further improved (27) . Double-stranded probes, when used as primers, could improve nucleic acid amplification in many ways. First, double-stranded primers are natural 'hot-start' primers, since they are in duplex form and cannot hybridize with each other at temperatures lower than their T m values. This also minimizes non-specific annealing in the course of amplification. Recently, a hairpin-like structure also showed this specificity (28) . In contrast, common 'hot-start' methods, such as wax barriers (29) and the use of polymerase antibodies (30) or engineered polymerases (31) , can function only at the beginning of the amplification. For non-probe real-time detection, doublestranded primers are superior to dual-dye-labeled Amplifluore primers (32) and the more recent self-reporting PNA-DNA primers (33) , since neither of the latter can distinguish specific from non-specific amplification. Like double-stranded probes, double-stranded primers also have color multiplexing ability, which can be of great use in allele-specific amplification. Recently, Donohoe et al. (34) achieved T m multiplexing allelespecific PCR with a combination of three techniques. Despite its complexity, the obvious limitation of this approach, as stated by the author, is that optimization and discrimination of GC-rich PCR products is difficult as they used a long GC tail in one primer to obtain T m discrimination. We reason that using double-stranded primers labeled with different colors, allelespecific PCR can be easily accomplished regardless of the composition of the amplicons.
Other researchers have recognized the usefulness of the signal-generating ability of 'strand displacement' (35) (36) (37) . However, these methods were based on the 'branch migration' mechanism, which requires the 'probe strand' to be entirely complementary to the target nucleic acid and the displaced 'signal strand' to be separated before measurement, hindering their use for homogeneous detection. Later, Morrison et al. (38) designed a kind of double-stranded probe consisting of two complementary oligonucleotides of equal length for use in homogeneous detection of PCR products. However, the slow kinetics and poor signal obtained prevented further efforts. Two other approaches using labeled oligonucleotide duplexes in real-time PCR have recently been reported. One is the AmpliSensor probe (39) and the other is an improved 5′-nuclease probe (40) . The former was used as a 'signal primer' in asymmetrical semi-nested PCR assays and the latter was used to improve the detection sensitivity of the 5′-nuclease assay. In both cases the potential specificity-enhancing ability of the probe was ignored. This was also seen in a later work screening the binding affinity of peptide-oligonucleotide conjugates (41) .
The significance of the double-stranded probes we propose here lies in their extreme specificity, their spontaneity of reaction and their sensitivity and simple preparation. Their abilitiy to discriminate single-nucleotide substitutions enables them to be used in a wide range of applications in molecular diagnostics, especially in mutation detection and genotyping. This high specificity can also be extended to improve antisense therapy. The spontaneity of their interaction with targets can be used to trace mRNAs in living cells and to construct biosensors and new biochip detection devices. Double-stranded probes could be suitable for gene quantification when combined with various nucleic acid amplification systems for real-time detection. The simplicity and low cost of double-stranded probes should make them good alternatives to currently used probes. Finally, it should be realized that double-stranded probes and all their applications demonstrated herein actually embody the specificity-enhancing ability of displacement hybridization. This new reaction mode should be applicable in any circumstances when high specificity is needed.
